• Premise of the study : Some fl oral traits could be selected by pollinators and nonpollinator agents, and studying the fl oral traits shaped by physical agents could reveal adaptive mechanisms to the environment. We explored the adaptive signifi cance of the change in fl oral orientation, from pendulous fl owers to erect fruits that have a persistent calyx, in Anisodus luridus , a perennial native to the Qinghai-Tibet Plateau (QTP).
• Methods : We examined the effect of fl ower orientation on pollinator visitation rates, pollen deposition effi ciency, pollen quantity, and pollen viability to estimate whether pendulous fl owers have improved male fi tness. We then measured seed production and seed germination rate to assess whether erect fruits have enhanced female fi tness.
• Key results : Pendulous fl owers did not have any preferred pollinators or increased pollen deposition. In artifi cially erected fl owers, the number of pollen grains greatly decreased after rainwash. Pollen germination experiments indicated that pollen damage by water and exposure to solar radiation is serious. In the persistent calyx that holds water within it, the temperature inside the calyx changed slower than in the calyx that had the water removed. After supplemental pollination, the seed number, seed set, and seed mass of fruits that had water removed from the calyx were reduced greatly in both years.
• Conclusions : We conclude that the change in fl oral orientation could enhance male and female fi tness of A. luridus and is effectively adaptive to the alpine environments, indicating a strong selection by the combined pressure from various abiotic nonpollinator agents in shaping the fl oral traits of this alpine plant.
May to July, and blooms in June. When fl owers open, stigmas present fi rst, and then anthers begin to shed pollen about 1 d later (personal observations), implying incomplete protogyny as A. tanguticus ( Duan et al., 2007 ) . Anisodus luridus is fully self-compatible, and autonomous selfi ng occurs, but the plant depends more on insects to complete pollination because the mean seed number of netted fl owers without emasculation is only 26, compared with 76 of naturally pollinated fl owers and 166 of fl owers after supplemental outcross-pollen ( Wang et al., 2009 Pollinator visitation and pollen deposition effi ciency -The pollinator visitation rate was assessed by recording wasps and bumblebees. Our observations were carried out only in the Lulang population in 2008, but in the two populations in 2009. We observed pollinator visitations on sunny days between 10:00 and 17:00 hours, when air temperature was above 20 ° C and pollinators were frequent. To investigate whether nodding fl owers attract more pollinators, each day before observation, we selected some fl owers on different individual plants and carefully straightened their fl ower stalks and compared these with nodding fl owers on different plants. The number of visits to the pendulous and to the upward fl owers was recorded. In the Lulang population, during 21 h of observations in 2008, we noted 19 pendulous fl owers and 13 upward fl owers; for 2009, we recorded pollinator visitations to 95 pendulous fl owers and 53 upward fl owers during 26.5 h of observations. In the Bayi population in 2009, we observed pollinator visitations to 45 pendulous fl owers and 32 upward fl owers in 12 h. Visitation rate (mean number of visits per h) was power-transformed using Box -Cox methods and a two-way ANOVA with treatment and population/ year as fi xed factors was used to test the difference in visitation rate.
Pollen deposition effi ciency was assessed by examining the number of pollen grains deposited on virgin stigmas within 5 h in the Lulang population in 2008 and in the Bayi population in 2009. Flower buds were emasculated and netted before opening and separated into two groups. After the fl owers opened, one group of fl owers was erected manually, and the other group was treated as the control. All these fl owers were exposed to natural conditions from 10:00 to 15:00 hours on sunny days. At 15:00 hours, all the stigmas were the fi xed in which are exposed to more severe natural conditions compared with those at low altitudes.
In the current study, we aimed to discover the selective pressure and the functions of the changed fl oral orientation in Anisodus luridus Link et Otto, a perennial herb native to the QTP. The fl ower stalk of this species bends during anthesis ( Fig. 1A ) , but stands erect in fruiting ( Fig. 1B ) . The benefi ts of pendulous fl owers during anthesis have been suggested to protect pollen in rainy habitats ( Huang et al., 2002 ) . Nevertheless, in addition to rain protection, we postulated that the bent fl ower stalk in A. luridus might enhance male and/or female fi tness because a fl oral trait can have multiple functions ( Sun et al., 2008 ) , such as avoiding pollen damage from exposure to the intense solar radiation and/or attracting more pollinators to overcome the pollinator scarcity in the alpine environments. Additionally, the fl ower stalk of A. luridus becomes erect during fruit development, and the campanulate to urceolate fruit calyx of this plant elongates and persists, enclosing the capsule. Accordingly, there is always some water retained in the persistent calyx due to frequent rains in the QTP ( Fig. 1C ) , which might benefi t the fertilized ovules and thus improve the female fi tness. Therefore, to test our hypotheses, we explored the benefi ts of bent and erect fl ower stalk during anthesis and fruiting in A. luridus , and specifi cally, we addressed the following questions: (1) Do the pendulous fl owers during fl owering attract more pollinators or facilitate pollen deposition? (2) Could rainwash and solar radiation damage pollen grains of artifi cially upright fl owers? (3) Does the upward fruit calyx with water inside increase the female fi tness of this species?
MATERIALS AND METHODS
Study species and sites -Anisodus luridus is a perennial herb endemic to the QTP, occurring at altitudes ranging from 3200 m to 4200 m a.s.l., inhabiting grassy slopes and areas along streams. It fl owers in early summer, usually from day and recorded the number of germinated seeds. If there was no increase in the number of germinated seeds for three consecutive days in one Petri dish, we ceased observations and recorded the number of seeds that did not germinate in the Petri dish. Seed germination rate was calculated as the number of germinated seeds/the total number of seeds.
To compare the difference in the seed number per fruit between the two groups, we used analysis of covariance with ovule number per fruit as covariate to exclude the effect of difference in ovule number on seed number. For seed set, the mass of 100 seeds, and seed germination rate, the differences between two groups were analyzed using independent-sample t tests.
RESULTS
Pollinator visitation and pollen deposition effi ciencyIn general, pollinator visitation rate to pendulous fl owers were high in comparison with to the upward fl owers, but not significant ( Fig. 2 ; F 1, 2 = 2.024, P = 0.246), suggesting that nodding fl owers did not attract more pollinators. However, the pollinator visitation rate in the Bayi population was signifi cantly lower than in the Lulang population ( Fig. 2 ) , suggesting that the population factor had a signifi cant effect on pollination visitation rate ( F 1, 2 = 3.447, P < 0.001). However, visitation rate was not affected signifi cantly by the interaction of treatment and population/year ( F 2, 251 = 0.593, P = 0.553).
In the Lulang population, the total number of pollen grains deposited on stigmas within 5 h was 386 ± 30 (mean ± SE, the same in the following) on upward and 323 ± 58 on pendulous fl owers, and they did not differ signifi cantly ( t = 1.358, df = 18, P = 0.191). In the Bayi population, the total number of pollen grains deposited on stigmas was 43 ± 27 on upward and 48 ± 24 on pendulous fl owers, and again, the difference was not significant ( t = 0.241, df = 15, P = 0.823). Additionally, the great difference in pollen deposition effi ciency between the two populations might result from the different visitation rate in the two populations.
Pollen protection -Pollen quantity -After rainwash, the number of remnant pollen grains from upward fl owers decreased signifi cantly compared with pendulous fl owers in two populations (15 740 ± 5063 vs 185 950 ± 17 550 in the Bayi FAA solution (formalin : acetic acid : 100% ethanol at a ratio of 5 : 5 : 90 by volume) and carried to the laboratory. Stigmas were examined with a light microscope, and the number of pollen grains was log-transformed before comparison. In total, we examined 10 upward and 10 pendulous virgin stigmas in the Lulang population and nine upward and eight pendulous virgin stigmas in the Bayi population. Independent-sample t tests were used to test the difference in the number of pollen grains between pendulous and upward fl owers.
Pollen protection -Pollen quantity -We randomly selected 20 fl ower buds for two groups (10 buds per group) in both populations and isolated them with fi ne nylon mesh nets to exclude fl ower visitors. When the anthers of the netted fl owers began to shed pollen, one group of fl ower stalks was manually erected before rain fell. We did this carefully to not damage the fl owers or drop any pollen grains from the anthers. The other group was left intact as control. After rainwash, all anthers of each fl ower in the two groups were fi xed separately in FAA solution for pollen counting. In the laboratory, we squashed all anthers from each fl ower and suspended all pollen grains in 5 mL of water with drops of detergent solution for full suspension ( Dafni et al., 2005 ) . Total pollen in each fl ower was determined by counting the number of pollen grains in 20 drops of pollen solution (5 µ L) with a light microscope. Number of pollen grains per fl ower was log transformed to normalization before comparison, and a two-way ANOVA with treatment and population as fi xed factors was used to compare the difference in the number of the remnant grains of each fl ower after rainwash between pendulous and upward fl owers.
Pollen quality -On sunny days in the two populations, 15 fl owers with newly dehisced anthers were selected and separated as three groups (fi ve fl owers for each group). For the fi rst group, the fl owers were manually erected to expose pollen grains to solar radiation for 5 h, and then all the anthers of each fl ower were collected and placed in sucrose solutions of 10% by mass, which was reported to be optimum condition for pollen germination in many plant species ( Huang et al., 2002 ; He et al., 2006 ; Sun et al., 2008 ) . To ensure the same pollen age in the three groups of fl owers, pollen grains of another two groups were also collected after 5 h, and one group was placed in distilled water and another group was placed in sucrose solutions of 10% by mass. In each treatment, pollen grains that had germinated after 2 and 4 h were counted with a light microscope, and 10 samples (100 µ L) of pollen grains from each fl ower were observed. Pollen germination rates were power-transformed to normal distribution using the Box -Cox methods, and a three-way ANOVA including treatment, time, and population as fi xed factors was used to compare pollen germination rate.
Temperature variation in the persistent calyx -Temperature inside the persistent calyx was measured using a two-channel thermocouple data logger (TES 1307, TES Technology Corp., Taipei, Taiwan, China) equipped with two alloy needle type sensor probes (1.0 mm diameter and an active tip length of 5 mm) in June 2009. To determine the effect of water inside the persistent calyx, we selected two focal fl owers on one plant. For one fl ower, we removed the water from the calyx using a capillary when it was raining in the daytime, and the other one with water inside the calyx was treated as control. At night, we fi xed an umbrella above the plant to exclude occasional rains and removed the umbrella in the daytime. The temperature inside the persistent calyx was measured continuously over a week, including sunny and rainy days.
Seed production -In 2008 and 2009, to examine whether water in the persistent calyx could facilitate the development of fertilized ovules, we randomly selected 60 fl ower buds and supplementally pollinated them with outcross pollen to exclude the effects of pollen limitation on seed production in the Lulang population. Then we separated these fl owers into two groups (i.e., 30 fl owers per group) when all fl ower stalks became erect. For one group, we removed the retained water in the calyx in the daytime, and the other group was left intact as the control. At night, we also used umbrellas to exclude occasional rains, as already mentioned. All fruits were collected just before fruit dehiscence and carried back to the laboratory to determine the seed number, seed set, and mass of 100 seeds.
We also examined the difference in seed germination rate between the two groups. In the laboratory, after being air-dried, seeds were kept under − 20 ° C for 1 month to break dormancy, and then six replications of seeds from each group were placed in small Petri dishes with wet fi lter paper. Three small Petri dishes were put in a larger Petri dish with water inside to prevent seed dehydration, and the seeds were germinated at 20 ° C in an incubator with 12-h/d of white light from cool-white fl uorescent lamps. We examined the 12 Petri dishes each 
DISCUSSION
Benefi ts of bent fl ower stalk during anthesis -The bent fl ower stalk of A. luridus occurred in the bud and fl owering stages, but was not induced by movement of the fl ower stalk during anthesis, in contrast with the genus Pulsatilla , which has nodding fl owers during anthesis to avoid pollen damage by rain ( Huang et al., 2002 ) . Our results also demonstrated that rain could reduce the pollen quantity and quality of A. luridus , as shown population, 14 520 ± 4201 vs. 238 363 ± 12716 in the Lulang population, F 1, 1 = 57.841, P < 0.001), but the variations between the two population were minor in comparison with the effect of treatment ( F 1, 1 = 0.176, P = 0.680), and the treatment × population interaction had a minor effect on the number of pollen grains ( F 1, 18 = 0.036, P = 0.852).
Pollen quality -Pollen germination rate, an indicator of pollen viability, was greatly affected by treatment, time, and population ( Table 1 ) . In a sucrose solution, the 2-and 4-h germination rates of pollen grains from nodding fl owers were signifi cantly higher than upward fl owers in both populations ( Table 1 , Fig.  3 ), indicating that exposure to solar radiation could reduce pollen viability of A. luridus . For pendulous fl owers, the 2-and 4-h germination rates of pollen grains in sucrose solution were signifi cantly higher than in distilled water ( Table 1 , Fig. 3 ), suggesting that water immersion could also harm pollen viability in this species. Overall, the 4-h pollen germination rate was higher than the 2-h except in distilled water in the Bayi population. The pollen germination rate in the Lulang population was signifi cantly higher compared with the Bayi population ( Table 1 , Fig. 3 ), which might be caused by the difference in temperatures under which the pollen germination experiment was carried out for the two populations.
Temperature variation in the persistent calyx -On sunny days, the temperature inside the persistent calyx with water was lower than that without water inside in the daytime, but slightly higher at night ( Fig. 4A ). This trend also occurred during the time without rain on rainy days, but when it rained, and the ambient temperature decreased greatly, the temperature inside the persistent calyx with water was higher than the calyx without water inside ( Fig. 4B ) . Therefore, the temperature inside the calyx of A. luridus with water inside changed more slowly than the ambient temperature.
Seed production -Seed number ( t = 2.326, P = 0.037) and seed set ( t = 2.271, P = 0.039) from control fruits were signifi cantly higher than for fruits with the water removed inside the calyx at the 0.05 level in 2008 ( Fig. 5A ), but not in 2009 (seed number: t = 0.011, P = 0.916, seed set: t = 1.518, P = 0.148; Fig. 5B ), and the difference in the mass of 100 seeds between the two treatments was signifi cant at the 0.01 level in both 2008 ( t = 4.700, P < 0.001) and 2009 ( t = 7.600, P < 0.001) ( Fig. 5A, B ) . However, the seed germination rate of control fruits tended to be lower than fruits with water removed inside the calyces in the 2 years, but the difference was not signifi cant in 2008 ( t = 0.697, P = 0.436) and 2009 ( t = 1.950, P = 0.080) ( Fig. 5A, B ) . Fig. 4 . Temperature variations in the persistent calyx with water inside (gray lines) and without water (black dotted line) on sunny days (A, from 9:00 hours on 21 June to 9:00 hours on 22 June) and rainy days (B, from 17:00 hours on 26 June to 17:00 hours on 27 June). It rained from 13:00 hours in section B. Fig. 3 . Mean ( ± SE) pollen germination rates of nodding fl owers in 10% sucrose solution (fi lled squares), nodding fl owers in distilled water (fi lled circles) and manually erected fl owers after 5-h direct exposure to solar radiation in 10% sucrose solution (fi lled triangles) in (A) the Lulang population and (B) the Bayi population. ANOVA results of comparisons are in Table 1 . of A. luridus . Pollen viability is sensitive to increased temperature ( Sato et al., 2002 ) and water loss ( Speranza et al., 1997 ; Heslop-Harrison, 2000 ) , which might also decrease the germination rate of pollen grains exposed to sunlight ( Luna et al., 2001 ; Aylor, 2004 ) . Although the exact reason for the reduced viability of pollen grains exposed to sunlight remains unknown, we conclude that the bending of the fl ower stalk of A. luridus during anthesis helps avoid pollen damage from direct exposure to solar radiation.
Anisodus luridus is fully self-compatible, but seed production via autonomous selfi ng comprises a small proportion (about one third) of the fruits from naturally pollinated fl owers, and the species is severely pollen-limited under natural conditions ( Wang et al., 2009 ) . Therefore, the bent fl ower stalk during anthesis does not assure reproduction because it did not facilitate self-pollen to fall on the stigma. Additionally, there was no signifi cant difference in pollinator visitation rate or in pollen deposition effi ciency between pendulous fl owers and upward fl owers, so pendulous fl owers neither attracted more insects to visit, nor increased pollen deposition on pendulous stigmas, suggesting pollinators have played a minor role in shaping the fl oral traits of A. luridus .
Benefi ts of erect fl ower stalk during fruiting -The fl ower stalk of A. luridus becomes erect during fruiting, a trait often considered to be a postpollination adaption to improve seed dispersal ( Verbeek and Boasson, 1995 ; Huang et al., 2002 ) . In A. luridus , the calyx persists until the plant wilts, thus enclosing the capsule until wilting; and the capsule of this species is circumscissile above the middle of fruit. Therefore, we speculate that seed dispersal would benefi t from pendulous fruits due to gravity, and upward fruits are not an adaptive strategy to improve seed dispersal in A. luridus . Another explanation is that the persistent, green calyx could contribute photosynthates to the development of seeds ( Herrera, 2005 ) . If this is the case, it still does not explain why fl ower stalks become erect during fruiting because the persistent, green calyx of pendulous fruits could also assist photosynthesis and contribute to the fertilized ovules.
As we have mentioned, rains in the alpine environments are frequent, and the persistent and upward calyx is often fi lled with water. The specifi c heat of water is much higher than the air (4.2 KJ · kg − 1 · ° C − 1 vs. 1.005 KJ · kg − 1 · ° C − 1 under ideal conditions). In a given environment, the temperature of water changes much slower than that of air, in keeping with our comparisons of the temperature inside calyx with water inside and with water removed. Accordingly, the fertilized ovules of A. luridus in the upward calyx with water inside would be in a relatively stable microenvironment, thus improving female fi tness. Our results provide strong support to this speculation because of the reduced seed number and seed set in 2008, and the mass of 100 seeds in 2008 and 2009 in fruits with water removed inside the calyx compared with fruits without any treatment. Additionally, except on 28 June (1.4 ° C) and 8 July (2.3 ° C), the lowest daily temperature in the Lulang population was above 4 ° C in June and July 2008, the fruiting period of A. luridus , indicating that freezing damage to the fertilized ovules is almost impossible. Therefore, the persistent and upward calyx with water inside seems to be adaptive to the alpine environment in the QTP with drastic temperature fl uctuations.
It is also possible that water inside the calyx might reduce predispersal seed predation ( Barrett, 1983 ; S.C.H. Barrett, University of Toronto, personal communication). However, in other studies ( Bynum and Smith, 2001 ; Huang et al., 2002 ; He et al., 2006 ; Sun et al., 2008 ; Mao and Huang, 2009 ). In the QTP, rains are frequent in the summer ( He et al., 2006 ) . Around the Lulang population, rains occurred on 25 d, and the total precipitation amounted to 149.4 mm in June (data from the Sino-Japan Joint Research Center of Meteorological Disaster: the PBL Observation System in Linzhi, southeast Tibet), when A. luridus was blooming. Rain could decrease the amount and viability of pollen grains in anthers and stigmas, as well as diluting nectar ( Dafni, 1996 ) and depressing several aspects of maternal fi tness ( Bynum and Smith, 2001 ). Thus any mechanisms to escape rainwash in plant species could improve both male and female fi tness, and the bent fl ower stalk during fl owering of A. luridus could be an adaptation to the frequent rains in the alpine environment of the QTP.
Another interesting fi nding of this study was that the viability of pollen grains exposed to solar radiation also decreased greatly, which might result from two reasons. First, exposure to solar radiation means exposure to UV radiation, and pollen viability is sensitive to UV radiation (especially UV-B) ( Flint and Caldwell, 1984 ; Torabinejad et al., 1998 ; Feng et al., 2000 ; Aylor, 2004 ) . Also, plant species in which pollination occurred earlier in the season were more likely to be susceptible to UV-B radiation than were those for which anthesis took place later in the season ( Torabinejad et al., 1998 ) . Also, pollination of A. luridus occurred in June, the earlier summer when the UV radiation intensity tends to be highest in the plateau ( Zhu et al., 2005 ) . Therefore, the decreased pollen viability of A. luridus after exposure to sunlight might result from UV damage. Second, direct exposure to sunlight could increase the temperature inside the calyx and thus induce water loss from pollen grains when we dissected the capsules in the laboratory from both years, we did not fi nd any evidence of predation in the fruits with water removed in the persistent calyx, indicating that water inside the calyx might not be an antiherbivore adaptation. Additionally, plant growth, reproduction, and survival in alpine area could be affected by water availability ( Galen, 2005 ) , and we might expect that the increased female fi tness in the control fruits was due to the water supply to the fertilized ovules. Nevertheless, in the capsule of A. luridus , seeds were enclosed tightly by the pericarp, and thus water inside the calyx of A. luridus might contribute to growth of calyx and/or pericarp directly rather than to seeds. Accordingly, water buffering of temperature variations seems to be a more plausible explanation for the improved fi tness compared with the fruits without water inside the calyx.
In summary, this study concentrated on the gains in male and female benefi ts of the bent fl ower stalk during fl owering and the erect fl ower stalk with the persistent calyx during fruiting of A. luridus , a perennial native to the QTP. The fl ower stalk of this plant during anthesis is multifunctional; the bent stalk protects pollen from rainwash and exposure to solar radiation, and the erect fl ower stalk with water in the persistent calyx during fruiting could facilitate the development of fertilized ovules. Accordingly, the change in fl oral orientation, induced by an extrafl oral organ, improves both male and female fi tness of A. luridus , and might be an adaptive strategy for the alpine environment of the QTP, indicating that strong selection driven together with various abiotic nonpollinator agents has shaped the fl oral traits of this plant.
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